This paper is dedicated to Professor P. Joseph-Nathan for his 65 th birthday. 13 C NMR spectroscopy is actually one of the first tools used for the structural elucidation of natural and synthetic compounds and it is also used in biosynthetic studies. The aim of this review is to present the 13 C NMR assignments of a large number of pimarane diterpenoids, describing the most significant effects caused by different substitution patterns and different stereochemistry at their chiral centers.
C NMR spectroscopy is a widely used technique in chemical structural analysis owing to the high sensitivity of the 13 C chemical shifts to the close environments of the carbons and to any changes in molecular geometry. The exhaustive analyses of 13 C NMR chemical shifts of a large number of molecules with a similar skeleton and with different substitution patterns are of great importance in the elucidation of unknown structures. The 13 C NMR chemical shifts of a large number of pimarane diterpenoids (structures 1-139) have been gathered from the literature and are reported here (Table 1) . These data can be a useful tool for diagnostic and/or prognostic 13 C NMR chemical shifts of new pimarane derivatives. A brief discussion of the most important assignments of the 13 C NMR chemical shifts of some examples will also be presented without the presumption of making a detailed analysis of all the listed compounds.
Pimaranes (I) are common constituents of conifers and are biosynthetically derived from the labdanederived copalyl pyrophosphate [1] . This diterpenoid class also comprises isopimaranes (II), which present a different stereochemistry at the C-13 chiral center ( Figure 1 ). Some pimarane diterpenoid derivatives exhibit interesting biological properties, such as antitumor, cytotoxic, antimicrobial, tumor-promoting and anti-inflammatory activities [2] [3] [4] . Pimaranes and isopimaranes ( Figure 1 ) have several chiral centers, with methylene and methine carbons with very similar chemical environments. The unequivocal identification of these compounds is difficult and not possible without application of several spectroscopic techniques, mainly 1D ( 1 H, 13 C, DEPT, INEPT) and 2D NMR experiments (COSY, HSQC, HMBC, NOESY), as demonstrated in a recent review [5] . The 13 C NMR spectra can be obtained in several deuterated solvents, with deuteriochloroform being one of the most used. When some overlapping signals were observed or when the compounds under study were only slightly soluble, another deuterated solvent would be used; the differences in the 13 C NMR chemical shifts are not significant and comparative analyses can be found in the literature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The presence of a diterpene skeleton, as well as the number of methyl, methylene, methine and quaternary carbons present can be deduced from the combined analysis of 13 C and DEPT NMR spectra. From these data, the hydrogen deficiency index and consequently the number of double bonds can be deduced [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Other authors used the 13 C NMR spectrum, by PND (proton noise decoupled) and APT (attached proton test) technique, to identify the methyl, methylene, methine and quaternary carbons [11, 27] .
The pimar-15-ene and isopimara-15-ene derivatives (1-82, 84-92, 96-129 and 132-135) are easily differentiated from other diterpenes by the presence of an ABX spin system in their 1 H NMR spectra, due to a terminal vinyl group (three vinyl protons from a monosubstitued double bond) and the respective carbon resonances in the 13 C NMR spectra [δ 147-151 (CH) and δ 109-114 (CH 2 )] [9, 14, 17, [19] [20] [21] 23, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . When an additional trisubstituted double bond is present (4-10, 32-37, 40, 42, 44, 46-55, 79-80, 92-102, 108-111, 120-131 and 134-135) a methine signal is also observed at δ ~ 5-6 (the multiplicity of this signal is an indication of the double bond position) [9,14,16,20,21,24,27,29,30-33, 36,41,43-47] . A deshielding effect on the olefinic proton occurs if a conjugated carbonyl group is present (38-39, 41 and 43) [13, 45, 48] .
The first systematic study of pimarane diterpenoid characterization by 13 C NMR spectroscopy was carried out by Wenkert and Buckwalter [6] . They used 13 C NMR chemical shifts of the model compounds pimaradiene (4), pimaric acid (5) and isopimaric acid (49) and other pimaradienes in different deuterated solvents, not shown in Table 1 , to deduce the assignments of all carbons and the ring C conformation of Δ 8,15 pimaradienes. They also used paramagnetic shift reagents, such as Pr(dpm) 3 , to unequivocally assign some carbon resonances.
The same authors and their coworkers were also involved in the first analysis of terpene biosynthesis by 13 C NMR spectroscopy where the biosynthesis of compounds 50 and 52 was uncovered [49] . The assignment of the carbon resonances was based on empirical additivity rules and 13 C NMR data from adequate model compounds [50] [51] .
Cambie and coworkers used the available 13 C NMR data to elucidate the structure of hallol [2α, 15,16,18-tetrahydroxy-isopimar-8(14) -ene] and some derivatives [7] . They compared the olefinic (C-15 and C-16) and the methylene carbon (C-17) shifts of compound 37 with those of 4, 33 and 49 (the 13 C NMR spectrum of compound 33 was acquired in CCl 4 solution) reported in the literature and concluded that compound 37 presented a Δ 8 (14) , 15 isopimarane skeleton type (sandaracopimaradiene). In fact, in Δ 8 (14) , 15 pimaradienes, the carbon chemical shift of the α-CH 3 group at C-13 appears at δ ~29 (4-6 and 9-10), while that of the methyl group with a β-orientation appears at δ ~26 (32) (33) (34) (35) (36) (37) (38) (39) . For the Δ 7,15 pimaradiene skeleton type the β-CH 3 at C-13 appears at δ ~22 (46-54).
Pinto and coworkers reported that it is possible to assign the stereochemistry of the chiral center C-13 for Δ 8,15 pimaradienes for which their C ring conformation is well established 75 [52] . This conclusion was based on the 13 C NMR chemical shift of C-17, since axial methyl groups are usually more shielded than the equatorial ones. These data were also used to establish the stereochemistry of the chiral center C-13. In fact, in later works, the authors based the stereochemistry of C-13 on chemical shifts obtained for C-17 [19, 20, 29, 31, 39, 40, 42, 43, [53] [54] [55] . Unfortunately, some ambiguities can be found when comparing different literature data. For example, Kim and Chung [32] and Knudsen and coworkers [56] deduced from the chemical shift of C-17 (δ 22.3) of ent-pimar-9(11),15-diene derivatives (108-110), the existence of an axial methyl group having one γ-gauche interaction (this means that H-8 is on the same side of the molecule as the methyl group at C-13). However, Chamy and coworkers confirmed the equatorial C-17 methyl group having one γ-gauche interaction, also for an ent-pimar-9(11),15diene derivative (134), based on a very similar chemical shift for C-17 (δ 21.8) [43] . Later, Cruz and Roque suggested that H-8 of compound 110 has an α-orientation, based on spectroscopic data and chemical transformations [57] . For compound 111, in spite of the C-17 chemical shift (δ 22.3, very similar to those of 108-110 and 134), the authors deduced the existence of an equatorial methyl group at C-13 without γ-gauche interaction, based on spectroscopic data obtained for chemically modified derivatives [57] . One of these modified compounds is 118, for which the C-17 exhibited a chemical shift for an equatorial methyl group (δ 28.4), indicating a conformational change in ring C, probably due to spatial interactions between C-17 and the epoxide oxygen [57] . As this modification does not involve the chiral center C-13, it can be concluded that compound 111 has an equatorial methyl group. Nishiya and coworkers deduced the configuration of the chiral center C-13 of ent-pimar-9(11),15-diene derivatives (79-80) from CD and NOESY spectra [58] . They concluded that these compounds present a β-orientation of the 13-methyl group and H-8 (existence of γ-gauche interaction between the methyl group and H-8), in spite of the 13 C NMR shift of C-17 reported at δ 22.1. From these works it seems that the stereochemical assignment of the ent-pimar-9(11),15-dienes based only on 13 Cambie and coworkers also demonstrated that the stereochemistry of the C-4 bearing methyl and hydroxymethyl substituents can be deduced from its carbon chemical shifts [7] . The shift of the methyl and hydroxymethyl groups appearing at, respectively δ ~17 and ~71, is indicative of an 18-diterpenol ( Table 1 : 13 C NMR chemical shifts for pimarane and isopimarane diterpenoids (δ in ppm from TMS, CDCl 3 solutions).
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C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15 C-16 C- C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15 C-16 C- *, ** Assignments with the same sign in each column may be interchanged a The signals were overlapping with those of deuteriochloroform b Not identified by the authors c Value given in original reference Note: The complete report of the carbon assignments of substituents is out of the domain of this review. Please see original references. group at C-4 can also be deduced from the resonance of the methyl group carbon (C-18, δ ~ 29.0; 2, 109 and 135) [20, 32, 60] . There are also reports of other examples of differences in axial and equatorial C-4 substituent carbon resonances (Table 1, compounds 1  vs 2, 18 vs 25, 63 vs 68, 124 vs 129 and 126 vs 135 ) [10, 19, 22, [29] [30] 35, 39] .
Several authors focused their attention on the influence of hydroxyl groups on the chemical shifts of the neighboring carbon atoms [59, 61] . The hydroxyl group strongly deshields the α-carbon: for allylic secondary alcohols the range is δ 30-40 (Table 1, compounds 6 vs 9, 33 vs 40, 34 vs 37, 59 vs  60 and 67, 105 vs 106 and 107) ; for the allylic tertiary alcohols a smaller downfield shift is noted (δ 22-25, Table 1 , compounds 6 vs 10 and 32 vs 42) due to the more numerous γ-gauche interactions; for a non-allylic secondary hydroxyl group, the induced deshielding effect is more significant (δ 39-45, Table  1, compounds 34 vs 35 and 36, 49 vs 55 and 56 vs  57) . An hydroxyl group also deshields the β-carbon atoms, the magnitude depending on the degree of substitution and hybridization of the affected carbon atom: methylene carbons are more deshielded than methine or sp 2 ones (for example 71). In a pair of epimeric hydroxyl diterpenes, the isomer whose γ-carbon is involved in a gauche arrangement with the hydroxyl group is more shielded than its counterpart in an anti-orientation (10 and 42) . The stereochemistry of the hydroxyl group can also be deduced from the carbon chemical shift of a methyl group. The presence of a tertiary hydroxyl group in antiperiplanar orientation causes a γ-effect to the methyl group and consequently its carbon is deshielded by Δδ 2-3 ppm (for example 10).
The presence of the 1-hydroxyl group (as in 120) causes a strong shielding effect on the 20-methyl group, from δ 15 to 9-10 [16, 24] . The location of the 2-hydroxyl group (as in 36, 87, 90 and 99) can be established by the 13 C NMR chemical shifts; a β-effect on two neighboring methylene groups can be observed, for instance in compound 92, in which carbons C-1 and C-3 resonate at δ 48.4 and 51.1, respectively [27, 61, 62, 67] .
The significant β-effects (downfield) on the chemical shifts of C-2 and C-4, and the γ-effects (upfield) on those of C-1 and C-18 observed in the 13 C NMR spectra of hydroxypimaranes are used to confirm the existence of an α-hydroxyl group at C-3 (85 and 96) [18, 46] . A β-hydroxyl group attached at C-3 causes downfield (paramagnetic) shifts on C-2 and C-4 and upfield (diamagnetic) shifts on C-1 and C-19 (56 vs 57) [63] .
The presence of a 6-hydroxyl group (equatorial or axial) implies an upfield shift of the C-4 and C-10 resonances (112 vs 113) [64] . Alternatively, large γ-shielding effects observed for C-5 and C-9 (the C-5 and C-9 chemical shifts change from δ >50 to bellow 45), and deshielding on C-6 and C-8 were considered a confirmation of an axial hydroxyl group (5 vs 9 and 34 vs 37) [19, 64] . If the hydroxyl group is equatorial, a shielding effect on C-14 and a deshielding effect on C-6 were observed (15 vs 19) , due, respectively, to strong γ-gauche and β−effects of the hydroxyl group [55] .
The location of an 8-hydroxyl group, resulting in a chemical shift for C-8 of δ 70-73 (2, 15, 25, 27 and  84) , can be assigned from the strong deshielding effect on C-14 (δ ~50), and less significant Natural Product Communications Vol. 3 (3) 2008 407 deshielding on C-7 and C-9 [65, 66] . Its stereochemistry can also be deduced from the carbon chemical shift of methyl group C-17 (cis relationships δ C-17 < 25 ppm, trans orientation δ C-17 > 32 ppm) [65, 66] . Modern techniques can be used to perform the same assignment; the position of the tertiary 8-hydroxyl group can be confirmed by the cross-peaks signals due to the long-range coupling of C-8 with H-6, and H-9 and H-14 in HMBC experiments [26] . Also, in the 1 H NMR spectra in pyridine-d 6 , either the signals profile of H-15 and H-16 [39] or the observed downfield shifts of the methyl groups at C-13 and C-10 for 8β-OH in the isopimar-15-ene skeleton [55] , and on C-10 and C-4 for 8α-OH in the ent-pimar-15-ene skeleton [66] can be used to confirm the orientation of an 8-hydroxyl group.
A tertiary 9-hydroxyl group, as in compound 88, can be inferred by the γ-effect on the C-12 chemical shift and the expected deshielding on C-10 [43] . Its α-orientation can be confirmed by the chemical shifts of C-7 and C-8, respectively shielded (δ 30.4) and deshielded (δ 38.7), when compared with a Dreiding model [43] .
The observation of γ-gauche interactions (shielding effect) between an hydroxyl group and C-12 and C-15, but not with C-17, suggests the presence of a 14-hydroxyl group with α-orientation (48 vs 53) [68] . A β-hydroxyl group at C-14 (17 vs 22) causes a strong shielding effect (from δ ~24 to 16) on C-17 due to the γ-gauche effect of the hydroxyl group [69] . On the other hand, a 10-hydroxymethylene group (16 and 20) causes an upfield shift on C-1 and a downfield shift on C-10, due to the γ-gauche interaction and a β-effect of the hydroxyl group, respectively [54] . The deshielding effect on C-4 and on C-3, C-5 and C-19 (caused by a γ-gauche interaction) were described in the literature to confirm the introduction of an 18-hydroxyl group (124 vs 125) [30] .
García-Alvarez and coworkers [70] studied the influence of the acetylation of the equatorial 11-hydroxyl group (26) and found that it causes a downfield (paramagnetic) shift on C-1, C-9 and C-12, and an upfield (diamagnetic) shift on C-8 and C-13. Naturally, there are also results on the more obvious shifts of the carbon attached to the oxygen atom caused by hydroxyl group acetylation [59, 71] .
The influence of carbonyl groups on the carbon chemical shifts was also a subject of some attention. For instance, the presence of a carbonyl at C-7 causes a shielding on C-14 (16 vs 20, 34 vs 39 and 105 vs  104) , whereas a carbonyl group at C-3 causes a shielding on C-18 (16 vs 15) ; the sp 3 carbon adjacent to the carbonyl group is deshielded (16 vs 15 and 34  vs 39) [59, 69, 72, 73] . The carbon resonance of an endocyclic carbonyl group normally appears at δ ~ 211-217 (21 and 51) [72] and at δ 197-200 if conjugated with a double bond (38-39 and 42) [59, 62, 74, 75] . The carbon chemical shift of a carbonyl group conjugated with a tetrasubstituted double bond (58, 62-64 and 72) resonates at δ ~199, while deshielding effects on C-α (δ ~124-128) and stronger on C-β (δ ~165-168) are also observed [15, 23, 73] . When a hydroxyl group replaces a carbonyl group, there are several changes in the 13 C NMR spectrum (44 vs 43): the oxygenated carbon is strongly upfield (Δδ 118), C-14 is less upfield (Δδ 19) and C-6 is downfield (Δδ 7) [48] .
An 18-carboxylic group (C-18 at δ ~182) causes a strong deshielding effect on C-4 and a small shielding effect on C-3, C-5 and C-19 (4 vs 5, 22 vs 23 and 46 vs 53) [69] . Supudompol and coworkers corroborated these observations and sustained them with the downfield shift of the carbon chemical shift of C-20, in comparison with that of the 19-carboxylic group (1 vs 2) , due to smaller steric 1,3-diaxial interaction [35] .
The presence of a double bond at the B/C rings junction can be deduced from 13 C NMR spectra, where two olefinic signals can be detected, without the corresponding vinylic protons, at δ ~123-125 and ~135-137 [14, 20, 31, 37, 42, 76] . In 1987 Taran and coworkers suggested the use of the methylene carbon chemical shift of C-19 as a probe for locating a tetrasubstituted double bond [C-8 or C-5(10)] and to distinguish the Δ 8,15 pimaradiene (13 and 14) and isopimaradiene (59-61 and 67) from the Δ 5(10),15 13(S) rosane skeleton [77] . In fact, the signal of C-19 can be unambiguously assigned with selective proton decoupling experiments and in the pimarane/isopimarane skeletons this carbon resonates at δ 16.4-16.6, whereas in the Δ 5(10) 13(S) rosane skeleton it resonates at δ 22.9-23.2.
In 1988 Kaufman demonstrated that 13 C chemical shift values of olefinic carbons can be used for stereochemical assignment of hydroxyl groups [78] . He noticed that olefinic carbons of pseudoequatorial and pseudoaxial cyclic six-membered allylic alcohols present characteristic chemical shifts that showed a configurational dependency of substituents. 13 C NMR chemical shifts are very useful to locate epoxide functions and also in providing their stereochemistry on isopimarane structures. For instance, compounds 81 and 83 present an epoxide function at C-8 and C-9 and their chemical shifts present characteristic values at δ 73.9 and δ 64.5, respectively [79] . However, the most important effect of the epoxide function is the shielding of the γ-carbons, which have at least one hydrogen atom in a syn-axial relationship with the epoxide function (see shift of C-5 of compounds 58 and 74 vs 81). When a β-epoxide ring is present in an ent-pimarane, as in compound 118, a shielding effect is observed on C-12 and C-20, while an α-epoxide ring, as in compound 119, causes a shielding on C-1, C-5 and C-12 [57] .
The 13 C NMR data of several isopimaranes and 8-epi-isopimaranes without endocyclic double bonds (24-29 and 87-90) are useful to assign the stereochemistry of B/C rings junction [80] . Comparing the trans B/C junction with the cis B/C junction (for example 25 vs 27), the most outstanding effects occur on the chemical shifts of C-15 (Δδ= − 3 to − 11 ppm) and C-17 (Δδ= + 8 to 10 ppm). This can be explained as the result of passing from an arrangement with an equatorial vinyl group at C-13 and axial 13-methyl group to the opposite ones. A less intense effect was observed on the C-20 methylene, also as a result of changes in the stereochemistry (Δδ= +3 to 5 ppm) and is justified by the absence of the γ-gauche shielding effects produced by the axial H-8 and H-11. On the other hand, γ-gauche effects between C-6 and C-14 in a cis B/C junction leads to an appreciable shielding on C-14, and makes possible the differentiation between a trans B/C junction and a cis one. 13 C NMR spectroscopy can be used to establish the secondary 15-hydroxyl group configuration in pimar-8(14)-en-15,16-diols [22, 81] and isopimar-7-en-15,16-diols (if oxygenated at C-14) [82] [83] [84] . The resonance of C-15 in the (R)-isomer is δ C 78-79 when compared with that of the (S)-isomer (δ 75-72) [16, 22, 81, 85] . Garcia-Alvarez and coworkers showed that the carbon resonance of C-15 cannot be used in the case of ent-ros-5-en-15,16-diol derivatives because there is a free rotation of the diterpenoid side chain [86] . However, the C-13 configuration in pimar-8(14)-ene-15,16-diol derivatives can be deduced from the chemical shift of the olefinic carbon C-8, which appears at δ 136-137 in an isopimarane skeleton type and at δ 138-139 in a pimarane skeleton type [14, 22, 83] .
Unusual upfield absorption of C-5 (δ 37 to 43) is observed in compounds 102 and 124 and other similar derivatives, when compared to compounds of type 46. The proposed explanation is that an uncommon orientation on C-11 produces an additional γ-effect on this carbon [29] [30] 40] . On the other hand, the shielding of C-5 in compound 78 (Δδ= ~ -21 ppm) was justified by the additive γ-shielding effect on this carbon by C-1, C-7 and C-18 substituents, and confirms its axial orientation [37] .
In conclusion, the assignments of the carbon resonances observed in the 13 C NMR spectra of pimaranes are based on: i) comparison with the corresponding carbon atom chemical shifts of some known derivatives; ii) from additive shift rules deduced from systematic NMR studies; iii) more recently, from the connectivities found in 2D NMR experiments (COSY, HETCOR, HSQC, COLOC, HMBC, HMQS, TOCSY) [13] [14] [15] 21, 24, 27, 31, 33, 34, 37, 38, 68, 76, [87] [88] [89] . The intention of this review was to systematize the 13 C NMR spectral data of pimaranes and, consequently, provide a useful tool for the 13 C NMR characterization of new pimarane derivatives.
